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NASA TT F-9891 

DEACTIVATION AND ACTIVATION OF IMPURITIES I N  SILICON 

K .  D. Glinchuk and N. M.  Litovchenko 

ABSTRACT 

Invest igat ion of the  e f f e c t  of annealing 

from 800 t o  1200°C on the  e l e c t r i c a l  behavior 

i n  the range /172 * 
of impurity 

atoms of Au, Zn, P t ,  S, and Fe i n  s i l i c o n  semiconductors. 

Annealing a t  800Oc i s  found t o  m a k e  such impuri t ies  in -  

act ive,  suppressing t h e i r  e f f e c t s  on s i l i c o n  photoconduc- 

t i v i t y  and e l ec t ron  and hole concentrations.  The e f f e c t s  

a re  res tored by annealing a t  12OO0C. Changes i n  s o l u b i l i t y  

I -.. 

of these impuri t ies  i n  s i l i con  and s h i f t s  i n  t h e i r  d i f fus ion  

I d i rec t ion  a t  d i f f e r e n t  temperatures a re  seen t o  be major 

-2 f ac to r s  i n  t h e  mechanism of the  phenomenon. 

Impuri t ies  i n  semiconductors may be found i n  ac t ive  and passive states 

( r e f .  1). When i n  an ac t ive  state, they c rea te  a spectrum of energy l e v e l s  

i n  t h e  forbidden zone which a f f e c t s  the concentration of equilibrium e lec-  

t r o n s  (no and p ) and t h e  l ifetime of nonequilibrium e lec t rons  ( T e )  and holes 

( T d ) .  

0 

I n  an inac t ive  s t a t e ,  these  impurit ies do not c rea te  any energy l eve l s ,  

t h a t  i s  they do not a f f e c t  the electrophysical  p roper t ies  of semiconductors. 

The inves t iga t ion  described i n  t h i s  a r t i c l e  involved a study of t he  change 

of Au, Zn, P t ,  Fe and S impuri t ies  i n  s i l i c o n  from an ac t ive  t o  an inac t ive  

state, and vice versa .  

"Numbers given i n  the  margin indicate  t h e  pagination i n  the  o r i g i n a l  foreign t e x t .  
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The Invest igat ion Methods 

A study w a s  made of impuri t ies  whose concentration N = 1016-1017 cm-3 was 

introduced by t h e  d i f fus ion  method a t  a temperature of 1200-1250°C (D12000C w 

10-6-1-0- 

whose conductivity w a s  determined by a s l i g h t l y  ionized donor (Nd = no) or 

acceptor (Na = p ) impurity. 

ampoules from a vapor phase (S, Zn), from an e l e c t r o l y t i c a l l y  coated metal 

f i l m  (Zn, Fe) or a pulver izat ion i n  a vacuum (Au, Pt). '  

C M = f = C  

(refs.  2 and 3) i n t o  n- and p-type s ingle-crys ta l  s i l i c o n  samples 

The i m p u r i t i e s  were diffused i n  unsoldered quartz 0 

A f t e r  t h e  d i f fus ion  

t h e  samples were case-hardened by dropping t h e  ampoules i n t o  o i l .  

To change the  s t a t e  of t h e  impurit ies under invest igat ion,  t h e  samples 

2 were annealed a t  d i f f e ren t  temperatures. 

The change i n  t he  concentration and s t a t e  of t h e  impurity can be judged 

by watching the  change i n  the  concentration and l i f e t ime  of the  cur ren t  car-  

riers, inasmuch as the  inves t iga ted  Au, Zn, P t ,  Fe and S impurit ies c rea t e  a 

spectrum of donor and acceptor leve ls  E i n  t h e  forbidden zone of the s i l i c o n  

( f i g .  1) which have a considerable e f f e c t  on these parameters ( r e f s .  2, 3 and 

192 

6) 

The surfaces  of t he  samples were polished and etched a t  O°C i n  a mix- /173 

t u r e  cons is t ing  of 1 p a r t  HE' + 1 par t  CH COOH + 2 pa r t s  98 percent HNO 

t h i s  case,  a 500 mlJ. 

I n  3 3' 
l aye r  had t o  be removed from the  surface of the sample 

inasmuch as it w a s  found t o  have a higher conductivity than the rest of t h e  

1 
The t i m e  required f o r  t he  complete deact ivat ion of a sample by an impurity can 

be determined by t h e  following formula t w 4d2/n D, where d i s  the  thickness  2 

of the sample ( re f .  4 ) .  

2The change i n  the  concentration and l i f e t ime  of t he  current  c a r r i e r s  i n  the  

hea t - t r ea t ed  cont ro l  samples i s  similar t o  the  one described i n  reference 5. 

2 
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Figure 1. Donor (-e-) and acceptor ( - )  

l e v e l s  produced by impurity atoms of Au 

( re f .  2), zn ( r e f .  2), P t  ( re f .  6) ,  S 

( r e f .  3) and Fe ( r e f .  2) i n  s i l i c o n .  

Energy l e v e l  spectrum corresponds t o  

various charged s t a t e s  of impurity atoms. 

sample after the  hea t  treatment (see below). 

1 percent  Sb and Zn + 20 percent Ga a l loys f o r  n- and p-type s i l i con ,  respec- 

The contacts  were made from Au + 

t i v e l y .  

Discussion of t he  Results 

1. Deactivation of impur i t ies .  Shown i n  f igure  2 (curves 2 and 3) are 

t h e  t y p i c a l  data  i l l u s t r a t i n g  the  change i n  the  concentration of t h e  current  

c a r r i e r s  and t h e i r  temperature dependence a s  the  Au, Zn, P t ,  Fe and S i m -  

p u r i t i e s  change from an ac t ive  t o  an inac t ive  s t a t e .  The concentration of cur- 

r e n t  c a r r i e r s  i n  t h e  i n i t i a l  samples (curves l )  i s  determined by s l i g h t l y  

ionized impuri t ies ,  and i s  p rac t i ca l ly  constant i n  the t i m e  i n t e r v a l  under in -  

ves t iga t ion .  After t h e  diffusion of t he  impuri t ies  (curve 2),  t he  concentra- 

t i o n  of t he  current  c a r r i e r s  i s  brought about by the  ion iza t ion  of the E l e v e l  

which i s  p a r t i a l l y  compensated by the s l i g h t l y  ionized impurity (0  < Na C N f o r  

1 

3 
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Figure 2. Temperature dependence of concentration of 

equiponderant current  c a r r i e r s  i n  s i l i c o n  on impurity 

atoms of Au (a), Zn (b ) ,  P t  ( c ) ,  S ( d )  and Fe ( e ) .  

1, Original  samples (a,  d, e of p-type, and b, c of 

n-type; 2, a f t e r  introductionof impurity (a, b, e, e 

of p-type, and d of n-type); 3, after deac t iva t ion  of 

impuri t ies  (a, d, e of  p-type, and b, c of n-type);  

4, af ter  ac t iva t ion  of impuri t ies  (a,  b, c, e of p- 

type, and d of  n-type). 

Au, Fe and S.  and 0 

on temperature ( r e f .  1). 

Nd < N f o r  Zn and Pt), '  hence, i t s  exponential  dependence 

For Au and Fe impur i t ies  

€ 8  

ih - =-(Le "' 7 << N,, N - N,; 

f o r  P t  and Zn impuri t ies  

1 
W e  should poin t  out  that  during the introduct ion of Zn and P t  atoms i n t o  the 

p-type high-resis tance samples we observed a s imilar  temperature dependence 

p0. 

P t  i n t e r s t i t i a l  atoms which, unlike the main atoms, are of a donor nature .  

This i s  ind ica t ive  of  a p a r t i a l  compensation i n  them, Eta, by the  Zn and 

4 



f o r  S impuri t ies  

The annealing of such samples a t  8 0 0 ~ ~  (curves 3) r e su l t ed  i n  a change/l74 

of t he  magnitude and temperature dependence of n and p It appears t h a t  a f t e r  

such an annealing within t h i s  temperature range n 

s l i g h t l y  ionized impuri t ies .  

ones (curves 1) shows t h a t  there  i s  p rac t i ca l ly  no difference between them. 

0 0' 

and po are determined by 
0 

A comparison of these samples with the  i n i t i a l  

Figure 3 (curves 2 and 3) contains typ ica l  da ta  i l l u s t r a t i n g  t h e  change 

i n  the  l ifetime of Tan M Te + Td and i t s  temperature dependence measured by the  

modulation of the  s t a t iona ry  photoconductivity i t s e l f  ( ref .  7) during t h e  

change of the  Au impurity from a n  act ive t o  an inac t ive  s t a t e .  I n  the i n i t i a l  

samples (curve 1) the  l ifetime i s  determined by res idua l  impuri t ies  or  defec ts  

of an unknown o r ig in  ( T a n  M 100-20 psec), and i t s  dependence on temperature 

i s  l imi t ed .  After the  introduct ion of t h e  Au  impurity i n t o  t h e  p-type samples 

(curve 2) through the  high-speed capture of  unpaired e lec t rons  (6n)  and holes  

(6p)  p a r t i a l l y  compensated by the  l e v e l  Eld (Ule = v S 

and level E2e (UZe = v-S2e(N-Na)6n = U2d) the  l i f e  t i m e  Te = 6n/Ule + U 2e and 

Td = 6p/Uld + U2d i s  sharply reduced (Tan w lom8 sec)  and defined by the  follow- 

ing  co r re l a t ion  

N 6n = vS l e  a I d  (N-Na)6p = U I d  ) 

where Sle, Sld and S2e are t h e  cross  sec t ions  of the  e lec t ron  and hole cap- 

t u r e  by the  appropriate l e v e l  ( ref .  7 ) .  

temperature range under inves t iga t ion  remains p r a c t i c a l l y  unchanged ( f i g .  2a),  

t h e  T a n  temperature dependence i s  determined by a change i n  t h e  capture cross  

Inasmuch a s  the  l e v e l  f i l l i n g  i n  t h e  

5 
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sec t ion .  

'rPn and change of i t s  temperature dependence. 

l ifetime i s  no longer determined by the  impuri t ies  or defects  but by the  re- 

combination, adhesion and capture centers which were or ig ina ted  by the  high- 

temperature processing during the diffusion of t he  impurity, and were not 

eliminated by annealing a t  8oo0c ( r e f .  5 ) .  

Annealing the  samples a t  800Oc (curve 3) r e su l t ed  i n  an increase of 

But after the  annealing, the  

Similar data  were obtained i n  the inves t iga t ion  of the  recombination of 

the  c a r r i e r s  with the  Zn, Fe, P t  and S atoms i n  the  samples. 

A f e w  words about the  k i n e t i c s  of  inac t iva t ion .  The inac t iva t ion  r a t e  

var ied with d i f f e ren t  impuri t ies .  Thus the  concentration of Zn, Au and P t  atoms 

annealed a t  8oo0c for 10-20 min was reduced by 60-90 percent, whereas the  

concentration of S changed by a similar percentage i n  two hours. The deac t i -  

vat ion of impuri t ies  a t  low temperatures i s  considerably slower. Thus an- 

neal ing a t  6oo0c f o r  two hours reduces the  concentration of Zn, Au and P t  atoms 

by 60-90 percent .  

of Fe atoms : 

An abnormally high annealing r a t e  w a s  observed i n  the  case 

they were deact ivated by annealing a t  2OO0C f o r  3-10 min. 

Figure 3. Temperature dependence of f ixed  l i f e t ime  

of TPn current  ca r r i e r s  i n  p-type s i l i con .  1, Before 

introduct ion of Au i m p u r i t i e s ;  2, af ter  introduct ion;  

3, deact ivat ion of the Au  impurity; 4, ac t iva t ion .  

6 



It should be pointed out  t h a t ,  as i n  the case of G e  ( re f .  8) and GaAs 

(refs.  9 and lo), the  impuri t ies  deactivated i n  s i l i c o n  leave a supersaturated 

solut ion of vacant pos i t ions  each of which produces a s l i g h t l y  ionized acceptor 

l e v e l .  The l a t t e r  may considerably change the  e lec t ron  f i l l i n g  of t h e  l e v e l s  of 

t he  invest igated impuri t ies .  This complicates t he  study of the k i n e t i c s  of i m -  

p u r i t y  deact ivat ion following the ne and p 

t i a l l y  compensated impurity l e v e l .  

change i n  t h e  samples with a par- 
0 

I n  t h i s  way, t he  annealing of the samples with Au, Zn, P t ,  Fe and S i m -  

p u r i t i e s  a t  a temperature d i f f e r e n t  from the  temperature a t  which the  impuri- 

t i e s  have been introduced changes them from an ac t ive  s t a t e ,  i n  which they 

produce an e f f e c t  on ne , po and T a n ,  i n t o  an inac t ive  s t a t e ,  t h a t  i s  the  i m -  

p u r i t i e s  a re  deact ivated.  We should poin t  out t h a t  t h i s  should be taken i n t o  

account i n  the  operations connected with t h e  high-temperature treatment of 

s i l i c o n .  

2. Activation of impur i t ies .  Cited i n  figure 2 (curves 4) are  the  /l7> 

t y p i c a l  da ta  i l l u s t r a t i n g  t h e  changing concentration and temperature dependence 

of t he  current  c a r r i e r s  occasioned by the  t r a n s i t i o n  of the  Au, Zn, P t ,  Fe and 

S impur i t ies  from an inac t ive  t o  a n  ac t ive  s t a t e .  Evidently, t h e  result of 

t h e  hea t ing  of t h e  samples with deactivated Au, Zn, P t ,  Fe and S impuri t ies  a t  

temperatures equal t o  the  d i f fus ion  temperature of t he  l a t t e r  (1,200-1, 23OoC)  

was t h a t  t h e  concentration of equivalent current  c a r r i e r s  and t h e i r  temperature 

dependence, j u s t  as a f t e r  t h e  diffusion of the  invest igated atoms, a r e  de te r -  

mined by the  ion iza t ion  of t he  l eve l s  they have created (curves 4) .  

s i t u a t i o n  was observed a l so  a t  d i f f e ren t  temperatures, higher than the  impurity 

deac t iva t ion  temperature. 

A similar 

7 



i .  
Figure 3 (curve 4) i l l u s t r a t e s  t h e  change i n  the  l i f e t i m e  of t he  cur ren t  

c a r r i e r s  Tan produced by t h e  t r a n s i t i o n  of the  Au impurity from an inac t ive  t o  

an ac t ive  s t a t e  when annealed a t  1,2OO0C. Evidently the  Tgn magnitude and 

temperature dependence a re  determined by the  recombination on the  Au atoms, 

j u s t  as immediately a f t e r  t h e  diffusion of t he  impurity. The thermal centers  

produced by the  high-temperature treatment have p r a c t i c a l l y  no e f f e c t  on the  

recombination of the  current  ca r r i e r s ,  inasmuch as  t h e  recombination rate on 

them i s  considerably slower than on the impurity centers  (refs.  7 and 11). 

A similar s i t u a t i o n  w a s  observed during the  inves t iga t ion  of the c a r r i e r  

recombination on the  Zn, P t ,  Fe and S atoms. 

Thus t h e  annealing of t h e  samples with deact ivated impuri t ies  a t  tempera- 

t u r e s  d i f f e r e n t  from the  deact ivat ion temperature i s  conducive t o  the  t r a n s i -  

t i o n  of t he  impuri t ies  from an inact ive s t a t e ,  i n  which they do not a f f e c t  

t he  ne, po and T 

be taken i n t o  account i n  the  high-temperature treatment of s i l i c o n .  

t o  an ac t ive  s t a t e .  We should point  out  t h a t  t h i s  should 
in’  

3. A Discussion of t h e  Results.  These experiments show t h a t  t he  Au, 

Zn, P t ,  Fe and S impuri t ies  can be changed from an ac t ive  t o  an inac t ive  s t a t e ,  

and v i ce  versa,  by hea t  treatment a t  various temperatures. This can be ex- 

p la ined  by t h e  f a c t  t h a t  the  so lub i l i t y  of the  impuri t ies  i n  semiconductors 

depends on the  temperature ( f i g .  4, ref.  2). 

b i l i t y  introduced i n t o  a semiconductor a t  temperature T1 w i l l  remain i n  a 

metastable s t a t e  a t  temperature T2 which i s  d i f f e r e n t  from T 

i t s  C 

of t h e  invest igated impurity found i n  the  sample. 

The impurity with a C1 solu- 

inasmuch as 1’ 

s o l u b i l i t y  a t  t h i s  temperature w i l l  be replaced by the  C1 s o l u b i l i t y  2 

However, i f  t h e  semiconductor is kept a t  temperature T f o r  an hour, a /176 
2 

new s o l u b i l i t y  of  t he  impurity, equivalent t o  C2 i s  es tab l i shed .  If the  

8 
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Figure 4. Temperature dependence of s o l u b i l i t y  i m -  

p u r i t i e s  i n  s i l i c o n  ( r e f s .  2 and 3).  1, Au; 2, Zn; 

3, Fe; 4, S. 

t y  of the  impurity a t  the  annealing temperature i s  less than t le one 

i n  the  sample ( C  spreads t o  the  coagulation cen- 

t e r s  which might be volumetric s t r u c t u r a l  defec ts  (dislocations,’  vacancies, 

< C ), t he  surplus C -C 
2 1  1 2  

t he  impurity atoms themselves and other atoms), as well as surface defects2 

(refs.  1 3  and 1 4 ) .  This process amounts t o  a deact ivat ion of C1-C2 impurity 

atoms a t  a given temperature. 

temperature i s  higher than t h e  C i n  the  sample, and a surplus  of knocked-on 

atoms i s  found i n  the  coagulation centers,  t he  C -C atoms a re  seen t o  spread 

from t h e  coagulation centers  t o  the  l a t t i c e  poin ts  and i n t e r s t i c e s .  

If the impurity s o l u b i l i t y  C1 a t  annealing 

2 

1 2  

3 lThe d i s loca t ion  d e n s i t i e s  i n  t h i s  range (from a f e w  t o  2.10 determined by 

t h e  X-ray method ( r e f .  12)) were not t he  predominant coagulation centers  i n  

our  experiments .  

*The r e s u l t i n g  e f f e c t  of t he  coagulation centers  on the  surface i s  t h a t  the  

impur i t ies  of t he  subsurface l aye r  a re  deactivated faster than in s ide .  This 

should be taken i n t o  account when studying the  k i n e t i c s  of t he  deact ivat ion 

processes .  

9 



The speed of the  establishment of a new equivalent s o l u b i l i t y  ( ac t iva t ion  

o r  deact ivat ion)  depends, of course, on t h e  d is tance  between the  coagulation 

centers  and t h e  impurity d i f fus ion  f ac to r  a t  a given annealing temperature. 

The l a t t e r  explains t h e  dependence of t h e  deact ivat ion and ac t iva t ion  rate on 

the  temperature and t h e  type of impurity which we have observed (DBoOoc >> 

We should point  ou t  t h a t  t he  concentration of  t he  ac t iva ted  impurity may 

be somewhat smaller than t h e  concentration of t he  impurity introduced a t  t h e  

same temperature by t h e  d i f fus ion  method. This i s  due t o  t h e  following. A s  

w e  pointed out  e a r l i e r ,  surface defects  can a l so  be impurity coagulation 

centers ,  a s  any type of hea t  treatment ( including d i f fus ion )  brings some of 

t h e  impuri t ies  t o  the  surface.  After t h e  hea t  treatment,  w e  ground off  a 

500 P t h i c k  l aye r  from the  surface.  Pa r t  of the  impurity coagulated on t h e  

surface was thus i r r e t r i e v a b l y  l o s t ,  and the  impurity concentration i n  t h e  

sample w a s  reduced. Besides, the concentration of impuri t ies  w a s  a l so  reduced 

by evaporation i n  t h e  course of high temperature t reatment .  That i s  why we 

observed an inadequate r e s to ra t ion  of the  e l e c t r i c a l  p roper t ies  of the samples 

a f t e r  their  ac t iva t ion  i n  a number of cases ( f i g s .  2 and 3, curves 2 and 4) .  

I n  conclusion, we point  out  t h a t  t h e  impurity deact ivat ion phenomenon 

was s tudied  i n  a number of semiconductors: S i  (Fe ( re f .  l5), N i  ( r e f s .  13, 16), 

( refs .  1, 8, lT), Fe, Co ( r e f .  l), Ag ( r e f .  18); GaAs ( L i  ( re f .  lo), Cu ( r e f .  9 ) ;  

CdS ( A g ,  Au, Cu ( re f .  19)). 

Inasmuch a s  t h e  deact ivat ion and ac t iva t ion  phenomena are  s imi la r  i n  nature,  

t h e  presence of an ac t iva t ion  process should be expected i n  the  case of all 

impur i t i e s .  Thus we observed the  ac t iva t ion  of a Cu impurity a t  8 5 0 O c  i n  

10 
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germanium which had been deact ivated beforehand a t  450°C. We should point  out 

t h a t  t he  observation of impurity ac t iva t ion  i n  germanium i s  complicated by t h e  

f a c t  t h a t ,  unlike s i l i con ,  t he re  i s  n o t  much difference between t h e  s o l u b i l i t y  

of  t he  invest igated impuri t ies  and the thermal centers  i n  them. 

I n  conclusion, we w i l l  take t h i s  opportunity t o  express our gra t i tude  t o  

L. I. Datsenko f o r  def ining t h e  dis locat ion density,  and t he  research s tudents  

V. 0 .  Miroshnichenko of t he  Dnepropetrovsk S ta t e  University and S. I. Khomenko 

of t he  Kiyev Engineering School for t h e i r  ass i s tance  i n  the  preparat ion and 

measurements of the samples. 

Summary 

The impuri t ies  i n  semiconductors may be found i n  an ac t ive  and inac t ive  

s t a t e  from the  point  of view of t h e i r  e f f e c t  on the  electrophysical  proper- 

t i e s  o f  t he  semiconductors ( r e f .  1). Annealing a t  800Oc changes t h e  Au, Zn, 

P t ,  Fe and S impuri t ies  from an act ive s t a t e ,  a f f ec t ing  the  n 0, PO and 'Gn, 

t o  an inac t ive  state ( f i g s .  2 and 3, curve 3), t h a t  i s  these impuri t ies  a re  

deact ivated.  Annealing a t  1,200°C t he  samples containing Au, Zn, Pt ,  Fe and 

S impur i t ies  i n  a n  i nac t ive  s t a t e  changes them t o  an ac t ive  s t a t e  a f f ec t ing  

t h e  no, po and 7 g n  ( f i g s .  2 and 3, curves 4), t h a t  i s ,  these impuri t ies  are 

ac t iva t ed .  

The observable pa t te rns  can be explained by t h e  solubi l i ty- temperature  

dependence of t h e  impurity i n  the semiconductors ( ref .  2 ) .  The result o f  such 

a r e l a t ionsh ip  i s  t h a t  t he  impurit ies found i n  the  semiconductor a t  a tempera- 

t u r e  d i f f e r e n t  from the  temperature a t  which they were introduced may be i n  a 

metastable s t a t e ,  a s  t h e i r  equiponderant s o l u b i l i t y  i s  d i f f e r e n t  from the one 

i n  t h e  sample ( r e f .  1). 

connected with the  exis tence of coagulation centers  and the  infusion of a 

The establishment of a new s t a t e  of  equilibrium i s  
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surplus of impurity atoms, i f  the equiponderant s o l u b i l i t y  i s  lower than t h e  

one i n  the  sample (impurity deactivation),  or with the d i f fus ion  of the  i m -  

p u r i t y  atoms from them i n t o  the l a t t i c e  i n t e r s t i c e s ,  i f  the equiponderant 

s o l u b i l i t y  i s  higher than t h e  one i n  the sample (impurity a c t i v a t i o n ) .  
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